Introduction
The Hox gene family encodes for transcriptional regulators of development, which have a characteristic 60 amino-acid DNA binding motif, encoded by the homeobox. Hox genes play an important role in embryonic development, patterning the A/P axis of the majority of metazoans. This role and the colinearity (whereby the gene order in the genome reflects the antero-posterior pattern of expression in the embryo) they frequently exhibit, predate the divergence of protostomes and deuterostomes (Carroll, 1995) . The number and type of Hox genes in a particular animal can be indicative of its phylogenetic relationships (de Rosa et al., 1999) . Thus, the presence of a particular gene or a particular peptide motif in one of the genes may be a clue to help assign an animal to one or other bilaterian clade. Several examples of these can be found in the literature, such as the presence of an abd-B like posterior gene in ecdysozoans whereas Post 1 and 2 genes are found in Lophotrochozoa (de Rosa et al., 1999) , the presence of a particular set of central genes in Lophotrochozoa (Lox 2, 4 and 5 ) in contrast to those found in Ecdysozoa (Ubx and abd-A ) (de Rosa et al., 1999) , or the presence of "molecular signatures" in some Hox paralogue groups (e.g., "spiralian peptide" in Lox5 or a the "UbdA peptide" at 3'of the Ubx-Lox genes of protostomes, which is not present in deuterostome genes) (Bayascas et al., 1998; de Rosa et al., 1999; Telford 2000; Galant and Carroll, 2002) .
The evolution of Hox genes has been the subject of much discussion over the last decade. A consensus of two sister clusters of genes emerging by duplication from a ProtoHox cluster has imposed over other theories (Brooke et al., 1998) . These two clusters, Hox and ParaHox, have undergone different patterns of evolution after their split. Briefly, whereas the Hox cluster expanded by tandem duplications during evolution, the ParaHox cluster did not increase the number of genes. Current hypotheses propose a ProtoHox cluster of either 2, 3 or 4 genes (GarciaFernàndez, 2005b ). In the 4-gene cluster model, an anterior, a PG3-Xlox, a central and a posterior gene would have given rise to a primordial Hox cluster and a primordial ParaHox cluster of 4 genes. The ParaHox cluster would have then lost the central gene (Brooke et al., 1998) ; a 3-gene cluster model (with anterior, PG3-Xlox and posterior genes) implies the genesis, by tandem duplication, of the central Hox gene in the Hox cluster, after the duplication of the ProtoHox cluster (Finnerty and Martindale, 1999; Ferrier and Holland, 2001) ; the 2-gene cluster model (one anterior, one posterior) implies the genesis, after the ProtoHox cluster duplication, of the PG3 and central Hox genes and of the Xlox ParaHox gene (Garcia-Fernandez, 2005a ). The last scenario is based on the absence, so far, of clear Hox PG3 and Central and ParaHox Xlox genes in Cnidarians. Support for the first two hypotheses however comes from branching patterns in phylogenetic trees of the distinct Hox and ParaHox genes, as proposed in Brooke et al. (1998) and Kourakis and Martindale (2000) ; anterior Hox genes group with Gsx genes, PG3 genes group with Xlox genes and Posterior Hox genes group with Cdx genes. The main caveat of the two-gene ProtoHox theory is that, if it were true, it requires sequence convergence of Hox PG3 and Xlox genes, as those two group together. Therefore, based on sequence parsimony, a 3 or 4 genes ProtoHox cluster is more likely. Starting from these models, Hox genes would have undergone several tandem duplications, increasing the complexity of the cluster during evolution, whereas ParaHox genes would not have increased in number (in the 3-gene model) or would have lost the central class gene (in the 4-gene model).
The Acoelomorpha flatworms have been proposed to be those most basal bilaterian animals and the outgroup of protostomes plus deuterostomes , Telford et al., 2003 . This clade comprises two groups: the Acoela and the Nemertodermatida. There has been a debate about the monophyly of this group: 18S data suggests paraphyly of the group , but analysis of myosin heavy chain II sequences and the mitochondrial genome (Ruiz-Trillo et al., 2004) , plus morphological data strongly support monophyly of the group .
A small set of Hox and ParaHox genes have been found so far in acoel flatworms: one anterior, one central and one posterior Hox gene and only a posterior (Cdx) ParaHox gene (Cook et al., 2004) . It was proposed, in the light of this data, that the primitive bilaterian had no representative of PG3-Xlox genes (Cook et al., 2004 ). This conclusion was based only on one of the groups of the Acoelomorpha. Studies in the smaller sister group, the Nemertodermatida, are thus important for clarification of the basal bilaterian condition of the Hox and ParaHox complements.
In this work, we report PCR-generated sequences of Hox and ParaHox genes in the nemertodermatid Nemertoderma westbladi which improve our understanding of the complements of these genes in the sister group of the eubilaterians. We demonstrate the presence of a Group3/Xlox ParaHox gene prior to the protostome/ deuterostome divergence.
Results
In order to get an accurate view on basal bilaterian Hox and ParaHox content, we performed PCR on the Nemertodermatida Nemertoderma westbladi using degenerate primers which coded for the helix1 and helix3 regions of the homeodomain. The PCR reactions yielded fragments of approximately 115-120 bp, which were subsequently cloned. Sequences of 126 homeobox-containing clones identified a total of five distinct sequences with similarity to particular paralogous Hox and ParaHox groups (PG, genes related by cluster duplication; we will subsequently refer to the gene groups by the deuterostome nomenclature for naming simplification purposes) (Fig. 1) . It is plausible that some other Hox or ParaHox genes were missed by our approach, due to sequence divergence or lack of expression in the RNA sample used for the PCR. To minimise the number of genes missed by PCR we used, in addition to general homoebox-degenerated primers, a set of specific primers targeting the different PGs. Nevertheless, in the sister group of Nemertodermatida, the Acoela, a similar number of genes was found (Cook et al., 2004) , but noticeably not a representative of the PG3/Xlox gene. We have named the genes with the prefix Nwe (for Nemertoderma westbladi) followed by a name that characterises each paralogy group. We have found two clearly distinct central Hox genes (NweCentral-I and NweCentral-II), one posterior Hox gene (NwePost), an Xlox ParaHox gene (NweXlox) and a Caudal ParaHox gene (NweCad). Further sequence of the NweXlox was obtained using a gene specific primer and a 3' SMART adaptor primer as described in the M&M section. Sequences were submitted to GenBank under accession numbers DQ677343-DQ677347. Two of the genes found are representatives of the central class Hox genes (NweCentral-I and NweCentral-II). On the basis of sequence similarity, NweCentral-II is more closely related to central Hox genes of the PG6-8 group, whereas NweCentral-I cannot be assigned to any particular paralogy group. It has been proposed that at the base of bilaterians there was, at the most, one central gene (Garcia-Fernàndez, 2005a) . Nemertodermatida have now been found to have two clearly distinct central genes. We propose, in the light of our findings plus the data previously available from Acoela (Cook et al., 2004) , that Acoelomorpha have two central genes, one which would group with PG4/5 and a second one that would group with PG6-8. Those genes in the base of the bilaterian clade could have given rise to the set of central Hox genes seen in Eubilateria.
We have also cloned a posterior Hox gene (NwePost). Blast hits classify NwePost amongst PG10. Posterior lophotrochozoan and ecdysozoan Hox genes differ in sequence and number. Lophotrochozoans possess two posterior Hox genes, whereas ecdysozoans only have one type of posterior gene; they are distinguishable by several diagnostic residues within the helix1-helix3 regions. Deuterostomes have an extended posterior gene complement, also with some diagnostic residues. Therefore, orthology assignment to the posterior genes is usually relatively easy. Nevertheless, as for Acoela (Cook et al., 2004) , Nemertodermatida do not share any of the diagnostic residues for posterior Hox genes with any of the three major bilaterian clades, as expected from its position as an outgroup of eubilaterians. Trees built with this short sequence, even though they do not have good bootstrap values, do indeed support the lack of clear relationship to a particular higher bilaterian clade as well (data not shown). Acoela and Nemertodermatida posterior genes are not extremely similar, but share some amino-acid residues that differ from posterior genes of other groups. We suggest that the existence of a single posterior Hox gene in Acoelomorpha is a prototypic feature, even though its sequence has diverged and evolved differently in Acoela and Nemertodermatida after these groups split.
Of the ParaHox genes, a posterior caudal gene was identified (NweCad) and, contrary to the model of Cook et al. (2004) , an Xlox representative was found (NweXlox). The NweCad gene does not possess some residues that have been until now considered typical for Cad proteins, but in BLAST searches, it gives consistently higher homology to the caudal group than to any other gene. NweXlox was further elongated by RACE, yielding a longer sequence at the 3' end of the fragment (Fig. 2) . The finding of a NweXlox gene challenges and changes the proposed ideas for Acoelomorpha Hox and ParaHox complements. Acoelomorpha were thought to lack representatives of the PG3/Xlox genes. Our work has shown they have indeed representatives of all 4 major Hox classes and therefore at the base of bilaterians those classes were present.
Discussion
We have cloned two central Hox genes in Nemertodermatida: NweCentral-I and NweCentral-II. We have classified NweCentral-I as related to PG6-8 whereas NweCentral-II cannot be assigned unequivocally to a particular paralogy group. Several hypotheses may account for the presence of these two distinct genes. First, this could be due to an independent duplication in the Nemertodermatida, after the separation from Acoela, from a single ancestral central gene. In this case, Nemertodermatida would have evolved a PG6-8-like gene and acoels evolved a PG4/ 5-like gene (Cook et al., 2004 ) from a single, unique ancestral Central (which would be the ancestor of PG4/5 and PG6-8 genes of Eubilateria). This would necessarily imply that Nemertodermatida NewCentral-II and Eubilateria PG6/8 are similar by convergent evolution and that Acoela SrHox4/5 and Eubilateria PG4/5 are similar by convergent evolution. We find this very unlikely and propose, instead, that Acoelomorpha ancestrally had at least two central genes, one PG4-5 and one PG6-8 and that later evolution led to the loss of the PG6-8 gene in Acoela and of the PG4-5 gene in Nemertodermatida. Subsequently, in Nemertodermatida there was a duplication of the central gene. Another possibility that cannot be ruled out is that Acoelomorpha had ancestrally 3 central genes and two have been kept in Nemertodermatida and one in Acolea (or are yet to be found in each group). Nevertheless, we think NweCentral-I is an independent duplication in Nemertodermatida as it has no clear similarity to any other central gene in any phyla. It has been proposed that the extension of central Hox genes led to the expansion of the higher bilaterians at the time of the Cambrian Explosion (Garcia-Fernandez 2005a , 2005b for latest reviews). From our data, we suggest that the duplication of central Hox genes began earlier in evolution. Hence, the appearance of complex eubilaterians in the Cambrian Explosion would have coincided with less extensive expansion of central Hox genes than previously believed.
We have found a single posterior Hox gene in Nemertodermatida (NwePost ). This gene is different from the Acoela posterior gene described by Cook et al., even though they share some residues that are not present in the other groups. Nevertheless, neither NwePost nor the acoela posterior genes share any diagnostic residues with any of the existing eubilaterian posterior Hox genes. We suggest that the existence of a single posterior Hox gene in Acoleomorpha is a prototypic feature, even though the posterior gene has diverged and evolved in both groups after their split.
We have found two ParaHox genes in Nemertodermatida: YQTLELEK, LELEKE) or the helix3 (WFQNRR, KIWFQN, FQNRR, QVKIWF, QIKIWF) of the homeodomain, respectively. Different sets of primers were used to target classes of different Hox genes. A semi-nested PCR was then performed on the PCR products with the helix1 and helix3 degenerate primers. The 115-120 bp PCR products obtained were cloned in pSK Bluescript, transformed in E. coli JM105 cells and plated on selective medium. Selection of insert containing colonies was done using blue-white screening. DNA minipreparation of single white colonies was preformed using the QIAprep Spin Miniprep kit (Qiagen). Sequence of the clones was performed with M13F primer using a ABI/Prism37100 sequencer. The sequences obtained were compared to the GenBank database using blastn. Anchored PCR of those sequences was performed using specific gene primers and the SMART adaptors primers on all the genes found, although it worked only for the NweXlox fragment. Alignments of the sequences were performed using ClustalX.
